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Abstract 
The electrochemical hydrogen sensor comprised of the high temperature proton conductor and the solid reference material of 
Ti/TiH2 mixture showed the good sensing characteristics at elevated temperatures. However, in the long run, the EMF drift of 
about 0.2-0.3 mV/h was observed at 973 K. It is thought that the raise of EMF is due to the increase of the reference hydrogen 
pressure and the lack of the stability of the solid reference material is very critical to cause this phenomenon. In the present study, 
the long term stability of the solid reference material is investigated by EMF measurement with time. 
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1. Introduction 
The hydrogen sensors which replace the bulky gas reference compartment with an internal solid reference have 
been considered attractive because of their small size and the convenience of operation. Internal solid reference 
materials were applied to the hydrogen sensors by several research workers 1,2. It is not long time that the self-
contained sensors have been studied, but it has been generally reported metal/metal hydride systems forming two-
phase mixtures are suitable for the reference electrode. Until now, several promising materials have extensively 
investigated. However, most solid-state reference materials are difficult to handle and have low thermal and 
chemical stabilities except the titanium/titanium hydride system. 
It was generally reported this-type sensors showed suitable and satisfactory performance. These evaluations are 
just about short-term tests and the long-term stability over several tens hours has not been seriously considered since 
the applications of these hydrogen sensors are mostly limited to the molten metallurgical engineering, in which the 
dipping process with hydrogen probes is just accomplished within several tens minutes. In this study, the long-term 
stability of the hydrogen sensor comprised of In-doped CaZrO3 and the solid reference material of Ti/TiH2 has been 
investigated. We could find the small increment of EMF values of the sensor and the analysis of the cause of the 
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 lack in the long-term stability were accomplished by the measurement of the formation enthalpy of hydrogen in the 
reference material with time. 
2. Experimental 
The powder synthesis for the CaZr1-xInxO3-δ  solid electrolyte was accomplished by the conventional solid state 
reaction. All 99.9 % pure starting materials of CaCO3(GCM-CF800, Korea), ZrO2(Aldrich) and In2O3(Aldrich) were 
weighed to have the composition of CaZr0.9In O0.1 3-δ  and mixed in a polypropylene jar with the aid of ethanol and 
zirconia balls for 12 h. The mixed powder was dried and ground, then calcined at 1673 K in air for 10 h. The 
calcinded oxides were then ground in a ball mill to obtain a powder, which was cold-pressed into a rectangular plate 
shape having a groove in order to fill the solid reference material and subsequently subjected to a 250 MPa cold 
isostatic pressing. The pressed samples were sintered at 1873 K for 10 h in air and we could obtain the very dense 
and uniform microstructure having the particle size of 2~3 μm as shown in Fig. 1. 
Porous platinum electrodes were deposited on both surfaces of a groove and an opposite side. The extended 
signal lines were formed by applying the another-type platinum and insulating pastes for measuring the signal of the 
electrodes. And then the internal solid reference material, Ti/TiH2 was encapsulated in a groove of the solid 
electrolyte with the hermetic sealant so as to thermodynamically maintain the reference hydrogen partial pressure. 
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Fig. 1. Schematic view of the hydrogen sensor: (a) side view; (b) bottom view. 
3. Results and Discussion 
The sensing performance of the hydrogen sensor fabricated was examined for test gases with PH2 in the range of 
0.05-0.1 atm. The EMF exhibited fast response and recovery against the changes in the hydrogen partial pressures 
and showed stable values. All the EMF values were close to the theoretical ones. The reproducibility of the sensors 
was also examined by repetitive tests as shown in Fig. 2. Generally, the reproducibility of this potentiometric-type 
sensor is ensured by whether the absolute values of EMF are uniformly come out nothing to do with time and the 
number of times measured in the same temperatures and the same partial pressures. The absolute values of the 
sensor were measured at 1023 K and then, after quenching the temperature of the sensor till the room-temperature, 
the sensor was heated up to 1023 K again and the EMFs were measured in the same partial pressures. As shown in 
Fig. 2, the sensor in this study showed constant EMF values within 1mV in all measurements of 13 times. 
However, it was found that the EMF started to increase with time after 6h in operation with a rate of 0.3 mV/h. It 
can be seen that the increment of the EMF is due to the alteration of the reference hydrogen partial pressure in 
accordance with Nernst Eq. (1) since the measured sensitivity is not changed with time and the temperature (T) and 
the partial pressure of the external hydrogen gas (P mea.H2 ) are constant. After all, any instability of the internal solid 
reference material, Ti/TiH2 may cause this alteration of the reference hydrogen partial pressure. 
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Fig. 2. Reproducibility of absolute EMF values at 1023K: (a) EMF vs number of times; (b) Sensitivities for sensor #1. 
In order to confirm the stability of the titanium/hydrogen system in the reference compartment of the sensor, the 
formation enthalpy of hydrogen in titanium was measured by using EMF measurements. The relation between the 
titanium and the dissolved hydrogen is described by Sieverts law of Eq. (2). 
 
H2 (g) = 2H (dissolved in Ti)                                                             (2) 
 
The formation enthalpy of hydrogen in titanium is correlated with the temperature dependency of the equilibrium 
constant through the van’t Hoff equation. And the relation of K and the hydrogen partial pressure is defined by using 
Eq. (2) as follows: 
 ( )2 22ln ln / lnf f f H HG H T S RT K RT a P RT PΔ = Δ − Δ = − = − =D D D H
f
                                                                              (3) 
 
Thus, the correlation between the hydrogen partial pressure and the reciprocal temperature becomes the linear 
function having the slope, ∆H °/R as follows: f
 
2
ln / (1/ ) /Hd P d T H R= Δ D                 (4) 
 
Where the hydrogen partial pressure means that of the reference electrode. The hydrogen partial pressure in the 
reference compartment is calculated from the EMF measured (E), temperature (T), and the external hydrogen partial 
pressure by Nernst Eq. (1). 
If the thermodynamic equilibrium of the titanium-hydrogen system is accomplished by the initial reference 
materials, the formation enthalpy of hydrogen in titanium may theoretically become around -148±1 kJ/mol 3. 
However, the practical values measured were in the range from -100 to -90 kJ/mol, which are generally higher than 
theoretical one. This number is similar with the values measured for solution of hydrogen in α-titanium and ß-
titanium by Wang et al. 3. This means that the transition of phases between αTi and δTiH2 was generated during 
hermetically sealing and then, ßTi was considerably produced. After all, it is apparent that the reference hydrogen 
partial pressure is really determined by the equilibrium of αTi and ßTi, not that of αTi and δTiH2. 
The formation enthalpy of hydrogen in titanium with time was also measured in order to confirm the long-term 
stability of the internal solid reference material. As shown in Fig. 3, the initial value of was -97.2 kJ/mol, -95.7 
kJ/mol after 4h operation, -93 kJ/mol after 30h operation, and -90.8 kJ/mol after 58h operation. It could be 
confirmed that ∆Hf° of hydrogen in titanium was gradually increased with time and it means that the equilibrium of 
αTi and ßTi is continuously drifted to any specific directions. The relation of the increment of ∆Hf° and the EMF of 
the sensor is explained through Eq. (5) induced by Eq. (3): 
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In this reaction, we can see that the increment of ∆Hf° of hydrogen in titanium causes that of the reference hydrogen 
partial pressure and it can explain the continuous rise of the EMF of the sensor with time. 
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Fig. 3. Natural logarithm of the hydrogen partial pressure of the titanium hydride vs. reciprocal temperature with usage of hydrogen sensors. 
4. Conclusion 
In this study, the titanium/hydrogen system was applied to the reference electrode in the hydrogen sensors, which 
are consisted of high-temperature proton conductors. The sensor showed the theoretical Nernstian behaviors and 
good reproducibility at elevated temperatures. However, the voltage drift of about 0.3mV/h occurred in the long-
term stability test. The formation enthalpy of hydrogen in titanium of the reference compartment was measured 
through EMF measurements and the increase of this formation enthalpy with time was observed. Therefore, the 
increase of the EMF of the sensor may come from the increase of the hydrogen partial pressure at the reference 
compartment due to the chemical instability of the solid reference material with time. 
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